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The role of in vitro-induced lymphocyte apoptosis in feline
immunodeficiency virus infection: correlation with different
markers of disease progression
Abstract
Human immunodeficiency virus infection is characterized by a progressive decline in the number of
peripheral blood CD4(+) T lymphocytes, which finally leads to AIDS. This T-cell decline correlates
with the degree of in vitro-induced lymphocyte apoptosis. However, such a correlation has not yet been
described in feline AIDS, caused by feline immunodeficiency virus (FIV) infection. We therefore
investigated the intensity of in vitro-induced apoptosis in peripheral blood lymphocytes from cats
experimentally infected with a Swiss isolate of FIV for 1 year and for 6 years and from a number of
long-term FIV-infected cats which were coinfected with feline leukemia virus. Purified peripheral blood
lymphocytes were either cultured overnight under nonstimulating conditions or stimulated with
phytohemagglutinin and interleukin-2 for 60 h. Under stimulating conditions, the isolates from the
infected cats showed significantly higher relative counts of apoptotic cells than did those from
noninfected controls (1-year-infected cats, P = 0.01; 6-year-infected cats, P = 0.006). The frequency of
in vitro-induced apoptosis was inversely correlated with the CD4(+) cell count (P = 0. 002), bright
CD8(+) cell count (P = 0.009), and CD4/CD8 ratio (P = 0. 01) and directly correlated with the
percentage of bright major histocompatibility complex class II-positive peripheral blood lymphocytes (P
= 0.004). However, we found no correlation between in vitro-induced apoptosis and the viral load in
serum samples. Coinfection with feline leukemia virus enhanced the degree of in vitro-induced
apoptosis compared with that in FIV monoinfected cats. We concluded that the degree of in
vitro-induced apoptosis was closely related to FIV-mediated T-cell depletion and lymphocyte activation
and could be used as an additional marker for disease progression in FIV infection.
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Human immunodeficiency virus infection is characterized by a progressive decline in the number of periph-
eral blood CD4! T lymphocytes, which finally leads to AIDS. This T-cell decline correlates with the degree of
in vitro-induced lymphocyte apoptosis. However, such a correlation has not yet been described in feline AIDS,
caused by feline immunodeficiency virus (FIV) infection. We therefore investigated the intensity of in vitro-
induced apoptosis in peripheral blood lymphocytes from cats experimentally infected with a Swiss isolate of
FIV for 1 year and for 6 years and from a number of long-term FIV-infected cats which were coinfected with
feline leukemia virus. Purified peripheral blood lymphocytes were either cultured overnight under nonstimu-
lating conditions or stimulated with phytohemagglutinin and interleukin-2 for 60 h. Under stimulating
conditions, the isolates from the infected cats showed significantly higher relative counts of apoptotic cells than
did those from noninfected controls (1-year-infected cats, P " 0.01; 6-year-infected cats, P " 0.006). The
frequency of in vitro-induced apoptosis was inversely correlated with the CD4! cell count (P " 0.002), bright
CD8! cell count (P " 0.009), and CD4/CD8 ratio (P " 0.01) and directly correlated with the percentage of
bright major histocompatibility complex class II-positive peripheral blood lymphocytes (P " 0.004). However,
we found no correlation between in vitro-induced apoptosis and the viral load in serum samples. Coinfection
with feline leukemia virus enhanced the degree of in vitro-induced apoptosis compared with that in FIV
monoinfected cats. We concluded that the degree of in vitro-induced apoptosis was closely related to FIV-
mediated T-cell depletion and lymphocyte activation and could be used as an additional marker for disease
progression in FIV infection.
Feline immunodeficiency virus (FIV) infection is a naturally
occurring infection, and disease progression in infected cats is
associated with a decline in the number of CD4! cells (2, 6, 22,
23, 36), a loss of bright CD8! cells in the advanced stage of the
disease (22), an increased number of activated T cells (39, 41),
and a changed cytokine production, i.e., decreased production
of interleukin-2 (IL-2) and concomitantly increased produc-
tion of tumor necrosis factor alpha (TNF-") (25, 26). The
increased production of TNF-" has been reported to induce
apoptosis in chronically FIV-infected cells (38). Apoptosis, a
controlled mode of cell death (34), plays an important role in
the regulation of immune responses (5, 14). As described for
FIV (23), the hallmark of human immunodeficiency virus
(HIV)-induced disease is the loss of T-helper cells (31, 43).
Theoretically, cell loss can be caused by decreased production
of cells, increased destruction, or a combination of the two
mechanisms. Findings of an early infection of thymocytes fol-
lowed by pathologic changes in the thymus support the model
of decreased T-helper cell production triggered by HIV (13)
and FIV (52). The destruction model is supported by findings
of an increased number of peripheral blood T cells undergoing
apoptosis upon HIV (20, 32) and FIV (11, 21, 33) infection.
However, increased CD4!-T-cell turnover may not be the
main cause of the observed T-helper cell decline in HIV-1
infection, as reviewed by others (44, 51). In addition, the de-
gree of HIV-induced apoptosis correlates with the T-helper
cell decline and disease progression (19, 40). However, such a
relationship has not yet been described for FIV. It has been
reported that cross-linking of CD4 molecules by HIV gp160
triggers apoptosis in noninfected CD4! T cells (1). Investi-
gation of this aspect in the feline system is especially inter-
esting since FIV does not use the feline homologue of CD4
(50).
The aim of the present study was to compare the degree of
in vitro-induced lymphocyte apoptosis in FIV-infected cats
with normal and decreased T-helper cell counts. We used two
different culture conditions to trigger apoptosis in vitro: cells
were either cultured overnight under nonstimulating condi-
tions and in the absence of growth factors or cultured for 60 h
in the presence of phytohemagglutinin, IL-2, and fetal calf
serum. We additionally examined cats which were coinfected
with the feline leukemia virus (FeLV). This coinfection is
known to accelerate the progression toward feline AIDS (23)
by an unknown mechanism (8).
* Corresponding author. Mailing address: Clinical Laboratory, De-
partment of Internal Veterinary Medicine, University of Zurich,
Wintherthurer Str. 260, CH-8057 Zurich, Switzerland. Phone: 41-1-
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MATERIALS AND METHODS
Animals. To determine the effect of short-term and long-term FIV infection
on the degree of lymphocyte apoptosis, specific-pathogen-free cats (Novartis
AG, Basle, Switzerland) of two age groups were used. Twenty-two 17-month-old
cats were used to study the degree of in vitro-induced apoptosis in 1-year-
infected cats (group F1; n # 12) and in noninfected and nonimmunized age- and
sex-matched controls (group C1; n # 10). The cats in group F1 had been
experimentally infected for the purpose of the present experiment with a Swiss
isolate of FIV (Zurich-2 strain [FIV Z2]) under conditions described previously
(30). The second age group consisted of 19 6.5-year-old cats, which had been
used in a FeLV vaccine study 5 years before the present experiment. In that
FeLV vaccine study, we had investigated the degree to which cats with a preex-
isting FIV infection could be vaccinated against FeLV infection with a recom-
binant FeLV envelope preparation (27). From that study, 19 cats were selected
for inclusion in the present experiment and assigned to one of the following three
groups. Group F2 consisted of eight cats which had been experimentally infected
with FIV Z2 alone at the age of 6 months and which had been used as non-
FeLV-vaccinated controls (27). Group C2 consisted of eight cats which had been
vaccinated with a recombinant FeLV envelope vaccine and challenged with
FeLV subtype A. These cats were immune to FeLV as judged by the absence of
FeLV antigenemia and viremia during the 5-year observation period. They were
included as FIV- and FeLV-negative cats in the present study. Group FF2
consisted of three cats which had been experimentally infected with FIV and
which had served as non-FeLV-vaccinated FeLV challenge controls.
Cell preparation and culture conditions. Peripheral blood lymphocytes
(PBLs) were isolated from heparinized blood by centrifugation on a discontin-
uous Percoll (Pharmacia, Uppsala, Sweden) density gradient as previously de-
scribed (24), washed, and resuspended (106 cells per ml of medium; lymphocyte
purity, !90%) in buffered RPMI 1640 medium supplemented with 2 mM L-
glutamate, 10% (vol/vol) heat-inactivated fetal calf serum, 100 IU of penicillin G,
and 100 $g of streptomycin per ml of medium (all reagents from Gibco Life
Technologies, Basle, Switzerland); this medium was designed basal medium
(BM). BM was supplemented with 0.2% (vol/vol) phytohemagglutinin (PHA-M;
Gibco catalogue no. 10576-015, lot no. 10P2145) and IL-2 (100 U of recombinant
human IL-2 per ml of medium; kindly provided by M. H. Schreier, Sandoz, Basle,
Switzerland) to stimulate cells. Zinc sulfate (Sigma, Buchs, Switzerland) was
added to the culture medium to inhibit apoptosis as previously described (24).
Cell viabilities were assessed by the trypan blue exclusion test (24). Cytocentri-
fuged and stained cell preparations were examined for lymphocyte purity by light
microscopy. Human peripheral blood mononuclear cells were purified by a
standard method from heparinized blood samples collected from healthy human
donors (24).
Flow-cytometric analysis of PBL subsets. A fluorescein isothiocyanate
(FITC)-conjugated murine monoclonal antibody (MAb) against anti-feline ma-
jor histocompatibility complex (MHC) class II antigen (clone vpg 3) and FITC-
or phycoerythrin (PE)-conjugated moabs against feline CD4, CD5, and CD8
antigens (Southern Biotechnology, Birmingham, Ala.), diluted as recommended
by the manufacturer were used to stain subsets in 100 $l of platelet-depleted
whole blood as previously described (23) or in 100 $l of medium containing 0.5%
106 gradient-purified PBLs. Stained PBLs were processed by a routine whole-
blood lysis technique (Coulter Q-Prep Workstation solutions). Single- and dual-
color analyses were performed with an EPICS Profile analyzer. A total of 104
events were collected in the lymphocyte gate, which was set according to light-
scattering properties (90° log side scatter or 90° side scatter versus forward
scatter). Multiparametric data analysis was performed with Lysis II software
(Becton Dickinson Immunocytometry Systems, San Jose, Calif.). Data from the
EPICS Profile analyzer were made compatible for Lysis II software with
Pro2FCS software (Verity Software, Topsham, Maine). The fluorescence inten-
sities in histograms and contour plots were displayed on a logarithmic (log10)
scale. The absolute counts of lymphocyte subsets were calculated by multiplying
the absolute lymphocyte number (determined by routine hematological proce-
dures) by the relative subset count (expressed as the percentage of PBLs deter-
mined by flow cytometry). The lymphocyte bitmap comprised !95% peripheral
blood lymphocytes, determined by the sum of CD5! and CD21! cells, as deter-
mined in a separate experiment (data not shown). As previously described, dim
CD8! cells were gated in relation to the fluorescence signals of bright CD8!
cells and isotype-matched control antibody of FIV negative cats (29).
Detection and quantitation of apoptosis. (i) Internucleosomal DNA fragmen-
tation was detected by agarose gel electrophoresis as previously described (24).
Briefly, 10 $g of phenol-extracted cellular DNA was transferred to a 1% (wt/vol)
agarose gel and electrophoresed, and DNA was visualized by ethidium bromide
staining. A murine tumor-specific cytotoxic T-lymphocyte cell line (CTLL-2) that
undergoes apoptosis upon IL-2 or IL-4-withdrawal served as a positive control.
(ii) Electron microscopic (EM) analysis was used to detect typical morphological
changes in apoptotic cells. Briefly, cell pellets were fixed in 2% glutaraldehyde in
0.1 M phosphate buffer (pH 7.4), postfixed in 2% osmium tetroxide (pH 7.4)–3%
potassium cyanoferrate II solution, and incubated in phosphate buffer with 1%
uranyl acetate. Samples were embedded in Spurr’s low-viscosity medium, and
thin sections were cut from the postfixed blocks and stained for contrast with lead
citrate for subsequent electron microscopic analysis. (iii) The percentage of
apoptotic cells in cultures was determined by flow cytometry. The apoptotic cell
population was flow cytometrically identified by changed light-scattering signals
and a reduced DNA content (subdiploid cells) upon ethanol fixation and pro-
pidium iodide (PI) staining (24). Briefly, cell suspensions were stained with PI,
which stoichiometrically binds to nucleic acids. Analysis of the red fluorescence
intensity (linear scale) was then used as a parameter of the relative DNA content.
We used area and peak fluorescence processing of the PI signal to discriminate
doublet cells, i.e., clumping cells, and debris.
Detection and quantitation of FIV p24 and TNF-#. FIV p24 (MAbs 43-1B9
and 43-1E2, kindly provided by Niels C. Pedersen, Davis, Calif.) and TNF-"
(Endogen, Boston, Mass.) were quantified by sandwich enzyme-linked immu-
nosorbent assays in culture supernatants of PBLs stimulated for 60 h as previ-
ously described (9, 28). For p24 quantitation, supernatants of an FIV-positive
lymphocyte culture, defined as a 100% standard, and of FIV-negative culture
were used. The detection limit of the TNF-" assay was 10 pg/ml.
Quantitation of the viral burden in sera by the product-enhanced reverse
transcriptase assay. The viral burden in sera from the infected animals was
determined indirectly by quantitation of reverse transcriptase activity levels
(product-enhanced reverse transcriptase assay), as described for HIV-1 (12), on
an ABI PRISM 7700 sequence detection system (Perkin-Elmer, Applied Biosys-
tems Division, Rotkreuz, Switzerland).
Statistical analysis. All the data in the text are presented as the mean &
standard deviation for an experiment. The flow-cytometric parameters of the
groups were analyzed for significant differences (P ' 0.05) by the Kruskal-Wallis
H-test. Linear regression of the form y # a ! bx were calculated, including the
Spearman coefficient of correlation (r). As described elsewhere (23), in all figures
displaying box plots, the boxes extend from the 25th to the 75th percentile, with
a horizontal line at the median, and the whiskers extend down to the smallest and
up to the largest value.
RESULTS
Clinical outcome. No severe clinical signs were seen during
the observation period. Some cats, especially but not exclu-
sively the FIV- and the FIV-plus FeLV-infected animals,
showed mild stomatitis and gingivitis.
Lymphocyte subsets. The CD4/CD8 ratio was significantly
lower in the long-term FIV-infected group (F2) than in the
age- and sex-matched controls (C2), whereas the analysis of
1-year-infected cats (F1) showed only a trend (Fig. 1). One-
year-infected animals had only slightly decreased CD4! counts
and slightly increased CD8! counts (Fig. 1). These changes did
not reach significant levels. The long-term FIV- and FeLV-
coinfected group (FF2) showed the lowest ratio of all the
investigated groups (Fig. 1). In long-term virus carriers, lower
CD4/CD8 ratios were caused predominantly by significantly
decreased CD4! lymphocyte counts (Fig. 1), whereas the total
number of CD8! cells remained constant (Fig. 1). However, a
number of long-term-infected cats had a reduced number of
cells showing bright CD8! fluorescence (bright CD8! cells)
(Fig. 2 and 3). This loss was accompanied by the occurrence of
CD8! cells showing lower CD8! fluorescence intensity (dim
CD8! cells) (Fig. 2). Both bright and dim CD8! lymphocytes
coexpressed CD5 antigen (Fig. 2). In long-term-infected cats,
the percentage of bright MHC class II-positive lymphocytes
(Fig. 4) was significantly higher than in both healthy controls
(P # 0.008) and 1-year-infected animals (P # 0.001) (Fig. 5).
Again, the highest values were found in the three coinfected
animals (Fig. 5). However, there was also an age-dependent
difference between the two control groups (C1 and C2; P #
0.04 [Fig. 5]).
Detection and degree of apoptosis. Apoptosis was not found
in freshly obtained PBL samples by agarose gel electrophoresis
or by EM, whereas overnight incubation in BM triggered ap-
optosis as revealed by agarose gel electrophoresis and EM in
samples from all groups, including infected and noninfected
cats (data not shown). Flow-cytometric DNA cell cycle analy-
ses revealed the appearance of a discrete cell population below
G0/G1 (subdiploid) only in cultured samples (Fig. 6 through 8).
This subdiploid cell population could be dose-dependently in-
hibited by addition of zinc sulfate to the culture medium or by
lowering the incubation temperature (Fig. 7) as previously
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described (24). A time course study was performed to evaluate
the rate of apoptosis as a function of culture duration (Fig.
7C). A rapid increase in apoptosis was detected in all samples,
and the rate peaked at around 24 h. However, human lympho-
cytes from healthy donors were more resistant to the induction
of apoptosis (Fig. 7C). A significantly higher degree of apo-
ptosis was found in 1-year-infected cats than in age- and sex-
matched controls under these nonstimulating conditions (F1,
23.8% & 4.8% [n # 12]; C1, 17.9% & 5.7% [n # 16]; P #
0.004), whereas in long-term-infected cats this difference was
only slightly higher than in age- and sex-matched controls (F2,
19.6% & 5.7% [n # 9]; C2, 14.9% & 5.6% [n # 6]; P # 0.07).
When PBLs were stimulated for 60 h with PHA and IL-2, the
degree of apoptosis was significantly higher in 1- and 6-year-
infected cats than in age- and sex-matched controls (Fig. 9).
Again, the highest values were found in the three coinfected
animals (Fig. 9).
Relationship between apoptosis and different markers of
disease progression. The relationship between the percentage
of apoptotic cells after 60 h of stimulation and disease markers
was examined by linear regression. In infected animals (n #
21), the analysis demonstrated significant inverse correlations
with immunologic markers: cats with the highest rate of apo-
FIG. 1. Absolute numbers of peripheral blood T-cell subsets and CD4/CD8
ratios in short- and long-term retrovirus-infected cats. Box plots of short-term
(F1) and long-term FIV-monoinfected (F2), long-term FIV- and FeLV-coin-
fected (FF2), and healthy noninfected age- and sex-matched control (C1 and C2)
cats are shown. The numbers in parentheses are the numbers of animals per
group. Note that there is also a decrease in absolute CD4! counts during aging
(C1 versus C2).
FIG. 2. Peripheral blood CD8! T-cell populations characterized by different
CD8 antigen densities. The upper diagram is a CD8 histogram overlay and shows
representative fluorescence intensities corresponding to CD8 antigen densities in
PBLs from three long-term FIV-infected cats (F2) and three age- and sex-
matched healthy control cats (C2). The middle and lower diagrams show repre-
sentative contour plots of CD8-FITC- and CD5-PE-labeled PBLs in a healthy
control and a long-term FIV-infected cat, respectively. Note that the lower
contour plot comprises only 1,500 analyzed events, due to the lymphopenic status
of the cat, compared to 5,000 analyzed events in the histograms and the middle
contour plots, respectively. Two subsets of CD8! PBLs are found in infected cats
(CD8dim! and CD8bright! cells), and the appearance of CD8dim! cells is accom-
panied by a loss of CD8bright! cells (upper diagram). To exclude that CD8dim!
cells were natural killer (NK) cells, we used a feline pan-T-cell marker (CD5) to
characterize CD8! cells. The middle and lower diagrams show representative
examples of dual-color analyses. The coexpression of CD5 in CD8bright! and
CD8dim! cells confirmed their T-cell origin. Abbreviations: R1, analysis region of
CD8negative PBLs as determined by an isotype-matched control monoclonal
antibody; R2, analysis region of dim CD8dim! PBLs; R3, analysis region of
CD8bright! PBLs. The dotted line represents the threshold between R2 and R3;
for definition, see the text.
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ptosis had the lowest absolute (Fig. 10) and relative numbers of
CD4! cells (y # (1.26% ! 62.3 [r # (0.71; P # 0.0004]), the
lowest CD4/CD8 ratios (y # (14.3% ! 55.7 [r # (0.51; P #
0.01]), and the lowest absolute (Fig. 10) and relative numbers
of bright CD8! cells (y # (1.24% ! 48.3 [r # (0.57; P #
0.006]), whereas analysis of the total CD8!-cell count showed
only a trend in the percentage of CD8! cells (y # (0.80% !
53.0 [r # (0.37; P # 0.08]) and the CD8! cell count per
microliter of blood (y#(0.01%! 49.7 [r#(0.42; P# 0.05]).
The percentage of bright MHC class II-positive PBLs directly
correlated with the occurrence of apoptosis (y # 0.27% ! 25.4
[r # 0.67; P # 0.001]). In contrast to infected animals, the
degree of apoptosis found in cultures from noninfected con-
trols (n # 20) did not correlate with any of the above-men-
tioned immunologic markers. In contrast to the observed re-
lationship between apoptosis and immunologic markers, no
correlation existed between apoptosis and viral load in serum
samples as determined by FIV reverse transcriptase activity
(r # 0.33; P # 0.18).
FIV p24 and TNF-# concentrations in 60-hour-culture su-
pernatants. PBL culture supernatants from FIV-infected cats
were FIV p24 antigen negative, and only a basal TNF-" secre-
tion was detected following 60 h of PHA–plus–IL-2-stimula-
tion in cell cultures from FIV-infected cats (9.8 & 6 pg per ml
of medium [n # 5]) and noninfected controls (10.4 & 7 pg per
ml of medium [n# 5]). These results do not differ significantly.
DISCUSSION
For some time it has been known that FIV infection leads to
the loss of T helper cells (2) and that coinfection with FeLV
enhances this effect (8). The FIV-mediated loss of CD4! cells
FIG. 3. Absolute numbers and percentages of peripheral blood CD8bright! T
cells in short- and long-term retrovirus-infected cats. The percentage of bright-
positive cells gives the proportion of CD8! lymphocytes with bright fluorescence
of all lymphocytes. The absolute number of bright CD8! cells represent the
bright CD8! counts per microliter of whole blood. The numbers in parentheses
are the numbers of animals per group. It is evident that cats with long-term FIV
infection (F2) and FIV and FeLV coinfection (FF2) have significantly lower
relative bright CD8! counts than do noninfected age- and sex-matched controls
(C1 and C2).
FIG. 4. Increased MHC class II antigen densities in PBLs of long-term FIV-
infected cats. The upper diagram is an MHC class II antigen histogram overlay
and shows representative fluorescence intensities of MHC class II antigen-ex-
pressing PBLs in three long-term FIV-infected cats (F2) and three age- and
sex-matched healthy controls (C2). The middle and lower diagrams show repre-
sentative examples of the MHC class II antigen expression (PE-labeled) on
peripheral blood CD4! T cells (FITC-labeled) of a healthy control cat (middle
diagram) and a long-term FIV-infected cat (lower diagram) displayed by contour
plots. In healthy cats, three PBL populations exist in peripheral blood: MHC
class IInegative, MHC class IIdim!, and MHC class IIbright! PBLs (upper dia-
gram). In long-term FIV-infected cats, virtually all PBLs express MHC class II,
the majority of them with a high antigen density (upper diagram). FIV infection
triggered an increase of MHC class II expression on T-helper cells (lower dia-
gram), which contributed to the overall increase in the number of MHC class
II-positive PBLs in peripheral blood samples. These observations indicate that
the immune system is activated in persistently retrovirus-infected cats. Abbrevi-
ations: R1, analysis region of MHCIInegative PBLs as determined by an isotype-
matched control MAb; R2, analysis region of MHCIIdim! PBLs; R3, analysis
region of MHCIIbright! PBLs. The dotted line represents the threshold between
R2 and R3. Note that the scale of the contour lines is displayed in 1% steps,
leading to a plateau on the top of the middle diagram.
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and the concomitantly decreased CD4/CD8 ratio are immuno-
logic markers for disease progression in the feline AIDS model
(23). In the present study, we have investigated the possible
role of in vitro-induced lymphocyte apoptosis at different
stages of experimental FIV infection. In search of possible
immunosuppressive mechanisms, we were interested to know
whether the extent of in vitro-induced apoptosis could be used
as a marker for disease progression in the feline AIDS model
and whether coinfection with FeLV leads to enhanced apopto-
sis.
Significant changes in the CD4/CD8 ratios, which were
mainly due to significantly decreased T-helper-cell counts, in-
dicated a virus-mediated disturbance of the cellular immune
system in the long-term-infected animals. FeLV coinfection
enhanced these changes, as previously reported (23). We ob-
served a shift from bright CD8! to dim CD8! cells as previ-
ously described (29, 49). Both CD8 subsets coexpressed the
feline homologue of CD5, suggesting their T-cell origin. In
HIV, a decline in a CD8! CD11b( subset which correlated
with disease progression has been described (10). Unfortu-
nately, neither the function nor the immunophenotype of the
feline dim CD8! subset is known. Finally, the significantly
larger numbers of MHC class II-positive cells indicated both
an increased number of feline B cells (17) and an increased
T-cell activation (39, 41). In contrast, we found no significant
changes among lymphocyte subsets in cats infected for 1 year,
although a tendency to decreased CD4/CD8 ratios was also
found in these cats.
Flow cytometric DNA analysis revealed that in contrast to
human lymphocytes, feline lymphocytes from healthy cats un-
derwent apoptosis to some extent under nonstimulating cul-
ture conditions. The cause for this species-specific phenome-
non remains unclear, but we speculate that the higher level of
in vivo-activated feline PBLs contributed to that phenomenon.
FIV infection caused a significantly higher rate of apoptotic
cells in cultures from 1-year- and 6-year-FIV-infected cats than
in noninfected age- and sex-matched controls. These findings
are in agreement with those of other FIV studies (11, 21, 33).
The largest numbers of apoptotic cells were found in FeLV-
coinfected cats. No information on the statistics is given for the
three coinfected cats in the experiments in Fig. 1, 3, 5, and 9
since the numbers were too small at the time of the study.
However, the animals in this group (originally n # 5) have
been monitored for more than 5 years and always had the
smallest numbers of CD4! and bright CD8! cells (23). There-
fore, it may be speculated that the observed high level of
FIG. 5. Absolute numbers and percentages of peripheral blood MHC
IIbright! lymphocytes in short- and long-term retrovirus-infected cats. The per-
centage of bright-positive cells gives the proportion of MHC class IIbright!
lymphocytes of all lymphocytes. The absolute number represent the MHC class
IIbright! cell counts per microliter of whole blood. The numbers in brackets are
the numbers of animals per group. The designation of the groups corresponds to
that in Fig. 1. It becomes clear that in long-term FIV-infected cats the relative
numbers of bright MHC II-positive cells is significantly increased. However, this
increase is not seen at the same level of significance in the absolute counts.
FIG. 6. Quantitation of apoptotic cells by flow-cytometric DNA analysis. (A)
Representative DNA analyses of freshly obtained (0-h) and cultured (20-h) PBLs
from a short-term FIV-infected cat. (B) Contour plots showing light-scattering
properties of the sample cultured for 20 h. For the analysis of the DNA distri-
bution, PBLs were ethanol fixed, RNase treated, washed, and stained with PI.
Apoptotic feline PBLs were identified by a reduced (subdiploid) DNA content as
described previously (24). Freshly isolated PBLs consisted of a single cell pop-
ulation with a diploid DNA content (1 corresponds to the G0/1 phase, 2 corre-
sponds to the G2/M phase, and the analysis region between 1 and 2 corresponds
to the S phase of the cell cycle). Overnight culture triggered the appearance of
a subdiploid cell population (analysis region below 1). This hypoploid subset and
the cell population in the G0/1 phase are also shown in the right contour plot in
panel B, which combines the forward-scatter signal (cell diameter) with the
relative PI fluorescence (DNA content). The corresponding cell populations are
also shown in the left contour plot, in which the forward-scatter signals are
combined with the side-scatter signals (cell granularity). The data in these two
contour plots show that the subdiploid subset consisted of cells showing a re-
duced cell diameter and an increased granularity and could be easily distin-
guished from debris. These light-scattering properties are typical of cells passing
through the early stages of the apoptotic process (54).
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apoptotic cells in this group is significant and did not happen
by chance. Since FeLV monoinfection can also cause apoptosis
in hemolymphatic cells (42), the large number of apoptotic
cells in coinfected cats may be simply the result of the sum of
the apoptotic potentials of the two retroviruses contributing to
rapid disease progression in coinfected cats. This hypothesis
was not tested because no cats monoinfected for the same
duration were available.
We found a strong inverse correlation between the relative
and absolute numbers of CD4! and bright CD8! cells, respec-
tively, and the percentage of apoptosis in PBLs cultured in the
presence of PHA and IL-2. A similar relationship was found
between the CD4/CD8 ratio and apoptosis. These inverse cor-
relations do not necessarily imply that they are causally related.
Nevertheless, it was striking that two well-accepted markers for
disease progression, the decrease in CD4! counts and CD4/
CD8 ratios, and the decline in the number of bright CD8!
lymphocytes were significantly related to the increased degree
of apoptosis. It would have been desirable to observe the
FIV-infected cats in a longitudinal study over many months
and years. Since our long-term FIV-infected cats were well
characterized and represent a source of information that can-
not readily be reproduced and since, for ethical reasons, we
wanted to obtain as much information as possible, we decided
FIG. 7. Effect of zinc sulfate (ZnSO4) and of lowered culture temperature (4
versus 37°C) on the induction of subdiploid cells, and time course for the in vitro
development of subdiploid cells in human and feline PBLs. (A) ZnSO4 dose-
dependently inhibited the occurrence of the subdiploid cells, as shown in a
representative experiment. (B) Complete blocking was achieved when cell ali-
quots were incubated overnight in basal medium at 4°C. These findings confirm
the apoptotic character of the subdiploid cell subset as shown previously (24, 54).
(C) In BM, the percentage of subdiploid cells rapidly increased, peaking around
24 h in both short-term FIV-infected and control cats, while at that time no
significant increase could be detected in human lymphocytes which were cultured
simultaneously and under the same conditions. The representative result of the
time course study in panel C reveals the high sensitivity of feline PBLs from
young healthy cats to apoptosis in vitro compared to that of human lymphocytes
from healthy donors.
FIG. 8. DNA distribution in infected and noninfected feline lymphocytes
before and after culture in BM for 20 h. The DNA distribution curves were
determined in lymphocytes collected ex vivo (A) and after 20 h of culture in BM
(B) for a noninfected cat (C2), a cat infected with FIV (F2), and a cat coinfected
with FIV plus FeLV (FF2). In the examples shown, subdiploidity was detected in
12% (C2), 17% (F2), and 28% (FF2) of all cells. Note that the PBLs rapidly
started dividing under nonstimulating culture conditions (analysis region )1).
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to compare short-term and long-term FIV infection. Consid-
ering that all the cats originated from the same source and that
the same well-defined strain was used for FIV infection, the
results obtained in this study mainly reflect differences in the
duration of the infection. Since the decline in the number of
CD4! cells and the reduction of the CD4!/CD8! ratio are
well-documented parameters for disease progression (2, 6, 22,
23, 36) and since we were able to demonstrate a high degree of
correlation between apoptotic cells and these two markers, it is
quite obvious that in vitro-induced apoptosis can also be con-
sidered a marker for disease progression. As shown for HIV-1
(45), there was no correlation between apoptosis and viral load
as determined by reverse transcriptase activity in serum sam-
ples. We speculate either that low levels of FIV are sufficient to
trigger apoptosis or that apoptosis reflects chronic stimulation
of the immune system.
The hypothesis that the high degree of apoptosis reflects
chronic activation of the immune system is supported by the
significant correlation between the percentage of apoptotic
cells and bright MHC class II-positive PBLs. The role of MHC
class II antigen expression in feline T cells during FIV infection
is not yet clear, but in other species MHC class II antigen can
promote apoptosis in both T cells (48, 53) and B cells (35). It
is interesting that the percentage of MHC class II-positive
lymphocytes in cats is significantly higher than that in humans,
thereby contributing to the large extent of apoptosis in cultures
from noninfected cats, as previously shown (24). The lympho-
cyte subsets undergoing apoptosis were not determined in the
present study, because a clear-cut gating of apoptotic CD4!
cells and apoptotic CD4( cells was not possible due to a
decrease in CD4 fluorescence intensity in T-helper cells un-
dergoing apoptosis (unpublished data). However, since the
extent of apoptosis reached up to 75%, apoptosis probably was
not restricted to CD4! or CD8! cells alone, because in many
cats tested the sum of CD4! and CD8! cells was lower than
30%. We therefore speculate that apoptosis affected all lym-
phocyte subsets including B cells (33). This would also explain
the relation between the degree of apoptosis and the number
of bright MHC class II-positive lymphocytes, since FIV leads
to a proliferation of B cells, which physiologically express
MHC class II antigen at a high density (17).
The molecular basis of apoptosis is not known. In principle,
there are at least two main mechanisms that may initiate ap-
optosis in vivo as well as in vitro. One mechanism is based on
death signals (34) belonging to the TNF superfamily such as
TNF-" and CD95 ligand (CD95L) (46), and the other is based
on growth factor withdrawal (5). Growth factor withdrawal
played a main role when cells were cultured in BM, because
preliminary results indicated a reduced rate of apoptosis in the
presence of optimal concentrations of autologous plasma to-
gether with recombinant IL-2 (unpublished data). Similar re-
sults were obtained in HIV studies: lymphocytes from HIV-
infected individuals could be rescued from apoptosis by
optimal concentrations of IL-2 (3, 4, 15) and even more so by
IL-12 (15), possibly by upregulating the expression of the anti-
apoptotic bcl-2 gene (4). In this view, the in vitro induction of
apoptosis in lymphocytes from HIV-infected persons may,
rather, reflect the death of an increased number of activated
cells deprived of growth factors, as previously described (19).
This phenomenon also occurs in vivo and downregulates spe-
cific immune responses after elimination of an antigen, thereby
contributing to T-cell homeostasis (14).
However, apoptosis induced under nonstimulating culture
conditions did not correlate with the lymphocyte subset
changes (data not shown), whereas statistically significant cor-
relations were found when cells were polyclonally stimulated.
We therefore suspected that death signals played an additional
role in the induction of apoptosis. TNF-" might be one of
these death signals, because higher levels of TNF-" were found
in cats infected with FIV than in noninfected controls (26, 28).
Furthermore, TNF-" was shown to contribute to apoptosis in
a persistently FIV-infected cell line (38). Based on our findings
that the TNF-" concentration in PBL cultures set up from
FIV-infected cats and noninfected controls did not differ and
was very low compared with that used in the Japanese study
(38), we concluded that TNF-" was not involved significantly in
the induction of apoptosis described here. However, the in-
volvement of feline TNF-" in the induction of apoptosis in our
culture system cannot be excluded completely. It could be
argued that FIV infection may induce expression of TNF re-
ceptors, thereby rendering cells more susceptible to TNF-", a
phenomenon which was not measured in the present study. In
addition, we did not determine the role of the other receptors
of the TNF receptor superfamily and their ligands, which were
described as being important in HIV infection, such as the
CD95/CD95L system (7, 18, 36, 46, 47).
Finally, since FIV does not utilize the feline homologue of
CD4 as a high-affinity receptor (50), it appears unlikely that
FIG. 9. Percentage of apoptotic cells in stimulated cultures from short- and
long-term FIV-infected cats as determined by flow-cytometric cell cycle analysis.
Box plots show the rate of apoptosis found in PHA- and IL-2-stimulated cultures
after 60 h. The percentage of apoptotic cells refers to all PBLs found in the cell
cycle showing a subdiploid DNA content; i.e., all debris, necrotic material, and
doublets were excluded as previously described (24). The numbers in parenthe-
ses are the numbers of animals per group. The designation of the groups corre-
sponds to that in Fig. 1. It is evident that the rate of apoptosis in FIV-infected
animals is significantly higher than in the age- and sex-matched controls under
these culture conditions.
FIG. 10. Relationship between the percentage of in vitro-induced apoptotic
cells in PHA- and IL-2-stimulated PBL cultures and immunologic disease mark-
ers (CD4! T cells, bright CD8! T cells) determined in peripheral blood samples
of short-term and long-term FIV-infected cats. Each dot represents one cat. It is
evident that there is a strong negative correlation between the extent of apoptosis
and the absolute counts of CD4! and bright CD8! T cells, respectively.
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FIV gp120 mediated a cross-linking of CD4 antigens which
triggered apoptosis in T-helper cells as shown in HIV (1, 16).
We concluded that the degree of lymphocyte apoptosis is an
indicator for disease progression in experimental FIV infec-
tion. This marker allows a better description of the asymptom-
atic phase, since it is changed before the T-helper-cell count
decreases. We found no evidence that TNF-" and/or the viral
burden was involved significantly in the induction of lympho-
cyte apoptosis. In view of the significant correlation between
apoptosis and the number of bright MHC class II-positive
lymphocytes, the effect of immune system stimulation and (vi-
ral) coinfections on the degree of hyperactivation, CD95/
CD95L expression, and lymphocyte apoptosis remains to be
determined.
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